Ct -threshold cycle; IRES -Internal ribosome entry site; NMD -nonsense-mediated decay; qRT-PCR -quantitative reverse transcription PCR; sORF -short ORF.
Introduction
Firefly luciferase is the prime reporter for assaying various aspects of cell and molecular biology. It has been used in thousands of experiments since its discovery [1] due to its sensitivity, versatility and reasonable cost (compared with more recently introduced luciferases that utilize coelenterazine as a substrate). Typical research areas where firefly luciferase reporters are advantageous and often used are those focused on miRNA/siRNA, translation initiation, mRNA polyadenylation, nonsensemediated mRNA decay (NMD), 3'UTR-mediated control of gene expression and mRNA stability, and promoter strength. The most popular firefly luciferase gene, the luc+ variant, was introduced into a pGL3 vector series (Promega Corporation). Among other improvements over its predecessor, Promega's variant inactivated a peroxisomal targeting signal, optimized expression, and broadened the applicability of the reporter by removing common restriction sites [2] .
We reported, and characterized in detail, a significant cryptic promoter activity in the luc+ coding region that is detectable in mammalian as well as yeast cells [3] . More importantly, cryptic transcription from the luc+ gene was only ten to sixteen times weaker than the strong, immediate-early cytomegalovirus promoter expression in human CCL13 and Huh7 cells.
The latest version of firefly luciferase released by Promega, luc2, is claimed by the manufacturer to display a 4.1 to 11.8-fold increased sensitivity in mammalian cells when compared to luc+ [4] . According to the manufacturer, the improvement in enzyme sensitivity is solely due to the optimization of codon usage, leading to an enhancement of gene expression. Additionally, numerous predicted promoter modules within the coding region were reduced to only one. Some of the consensus transcription factor binding sites were not removed to maintain the integrity of the gene, but the overall number of predicted transcription factor binding sites was reduced within both the gene and the vector backbone. All of these improvements led to the introduction of the pGL4 vector series to the market [4] .
The most widely used method for the testing of putative internal ribosome entry site (IRES) sequences is a bicistronic assay, which has quickly been accepted as the gold standard for defining internal initiation. However, a positive result in a bicistronic test does not by itself demonstrate IRES activity. Over time, the reliability of this approach has been challenged by the detection of cryptic promoters or cryptic splicing sites in the genomic regions containing an IRES [5] [6] [7] [8] [9] . Aberrant transcripts can also stem from plasmid backbones by cryptic transcription [10] [11] [12] [13] or by a unique combination of vector and IRES sequences that can induce cryptic splicing, producing monocistronic mRNAs that can pollute that particular assay [14] [15] [16] [17] . Translational efficiency of the IRES can be further influenced by an inappropriate configuration of cistrons [18] or inappropriate arrangement of the connection between the IRES and the 3´-proximal cistron [19] . Unique combinations of plasmid backbone and promoter can also respond to specific physiological conditions. For example, the pGL3 and pGL4 vector series by Promega, both containing the luciferase gene, are responsive to the presence of glucocorticoids [20] .
Since our reporting of cryptic promoter activity in the luc+ coding region, many colleagues have asked whether luc2 truly improves upon the previous luc+ version. This prompted a determination of the level of cryptic transcriptional activity in the luc2 gene, as no such experimental evaluation has yet been published.
Experimental Procedures
All of the methods and materials used in this study were described previously [3] . Here, we briefly summarize these protocols with emphasis on the differences between this and the previous study.
Plasmids
The pRG plasmid and its promoter-less variant pRG(-P) are bicistronic vectors containing the DsRED2 and EGFP genes (Clontech) as the first and the second cistrons, respectively [3, 21] . The complete vector sequences are deposited under the IRESite IDs 368 and 369 (www.IRESite.org). The luc2 gene was amplified from the pGL4.17 [luc2/Neo] vector (Promega) with the forward primer (5'-GCGTCGACCATGGAAGATGCCAAAAAC-3') and the reverse primer (5'-ACGGATCCTTACACGGCGATCTTGCCGC-3'), which contain SalI and BamHI restriction sites, respectively. The resulting amplification product was inserted into the pCR4 TOPO TA plasmid (Invitrogen), giving rise to the Topo-Luc2 vector. The luc2 gene was then moved into the pRG vector using the SalI and BamHI restriction sites. A promoter-less variant of the latter construct, pRG(-P)Luc2, was created by removing the CMV IE promoter by VspI/NheI double-digestion, vector blunting and re-ligation. The pRGLuc+ and pRG(-P)Luc+ vectors were described previously [3] . All of the vectors were verified by restriction endonuclease digestion and sequencing. Functionality of the vectors was tested by flow cytometry (see Figure 1 and Supplementary Figure 2 ).
Flow cytometry
The human epithelial cell line CCL13 (also known as Chang cells) was used in all of the experiments. Details of the cultivation are described in previous work [3] . For the flow cytometry analyses, cells were plated in 24-well tissue culture plates 24 hours before transfection. Transfection reactions were carried out by mixing 1 mg of DNA in 100 ml of 100 mM NaCl and 3.9 ml of the ExGen transfection reagent (Fermentas) per well under the conditions that were recommended by the manufacturer. 72 hours after transfection, the cells were collected by trypsinization and resuspended in DMEM to a concentration of 10 6 cells per ml. The average transfection efficiency was 37% in all experiments. Samples were analyzed by flow cytometry using a BD LSRII device (San Jose, CA) and a Coherent Sapphire 488-20 DPSS laser to excite cells at 488 nm, a 530/30 nm bandpath filter to detect EGFP, and 585/42 nm bandpath filter to detect DsRED2 expression.
qRT-PCR
For RNA analysis, the CCL13 cells were seeded 24 hours before transfection in a T-75 flask. The plasmid DNA (40 μg) was diluted in 150 mM of sodium chloride to a final volume of 800 μl, vortexed, centrifuged and mixed with seven equivalents (103 μl) of ExGen transfection reagent (Fermentas). 48 hours after transfection, the cells were washed once with 10 ml of PBS and subjected to lysis in RNA/DNA stabilization reagent (Roche). Poly(A+) mRNA isolation, DNase treatment and reverse transcription were carried out as previously described [3] . The EGFP gene-specific primer (5´-GCCGTAGGTCAGGGTGGT-3´) was used for cDNA synthesis. Two microliters of the reverse transcriptase reaction were subjected to PCR amplification (95°C, 15 min; then 40 cycles of 94°C, 30 s; 54°C, 30 s; 68°C, 1 min; and finally 72°C, 4 min) using a LightCycler 1.5 (Roche) and QuantiTect SYBR Green PCR kit (Qiagen). All primers used in the quantitative reverse transcription PCR (qRT-PCR) experiments are listed in Supplementary Table 2. Control reactions without reverse transcriptase were used in parallel to check for DNA contamination in mRNA samples. All qPCR reactions were done in triplicate and average values are represented.
Results

Flow cytometry analyses
Possible cryptic transcriptional activity in the luc2 gene was assayed by flow cytometric analysis and qRT-PCR, as was the analysis of the luc+ gene [3] . For this purpose, we prepared two tricistronic vectors. The pRGLuc2 plasmid produces an mRNA bearing the luc2 gene in between the DsRED2 and EGFP reporter genes, as well as its promoter-less derivative (pRG(-P) Luc2), which does not contain the CMV IE promoter. The latter vector is particularly suitable for assaying cryptic transcription in the luc2 gene because EGFP production can be driven only by anomalous transcription from the luc2 coding region (Figure 1) . To compare cryptic transcriptional activity between the luc+ and luc2 genes by flow cytometry, we transiently transfected epithelial CCL13 cells with the pRG and pRG(-P) vectors bearing the respective variants of the firefly luciferase genes. The pEGFP-N1 vector was included in all of our experiments as a control, allowing us to gate EGFP-positive green fluorescent cells. Similarly, the pRG vector was used for gating red fluorescence positive cells. Figure 1 summarizes a typical result from the flow cytometry experiments and contains schematic drawings of the used vectors. As shown in panel 1C, the promoter-less pRG vectors displayed almost no green fluorescence and is included as a negative control. Cryptic transcription within the luc+ and luc2 genes was clearly visible when we compared the flow cytometry results from cells transfected by pRG(-P) carrying either of those firefly luciferases with results obtained from the cells that were transfected by the empty pRG(-P) negative control. The strength of cryptic transcription from pRG(-P)Luc2 was negligible and close to the pRG(-P) background control, unlike the luc+ variant (1D versus 1E). We calculated the mean fluorescence of EGFPpositive living cells from two independent biological replicates to directly compare the influence of possible cryptic transcription on EGFP production. As seen in Figure 1F , luc2 performs better than the luc+ variant, but the effect of weak anomalous transcription is still apparent.
qRT-PCR analyses
Although the results obtained from the flow cytometry experiments were convincing, we decided to perform a more detailed analysis of cryptic transcription by direct relative quantification of anomalous transcripts originating from the luc2 coding region. A set of luc2-specific forward and reverse primers were designed. Seventeen different combinations of primers amplifying one specific RT-PCR product on the gel and producing satisfactory amplification slopes and melting curves were selected. Figure 2A demonstrates an example of the qRT-PCR analysis in which amplicons of similar length were uniformly scattered along the luc2 coding region and quantified. In this experiment, we observed a difference of only 2.5 threshold cycles (Ct) between amplicons corresponding to the 5´ and 3´ ends of the luc2 gene. With regard to high Ct values of reverse transcriptase-free reactions that ranged from 35 to 37 cycles, we considered a minimal contribution of DNA traces on the quantification of luc2-related transcripts (Figure 2A) . We also expected that Ct values would not be influenced by transcription from the opposite strand and/or by possible RNA degradation because cDNA was synthesized using an EGFP-gene-specific primer and purified poly(A)+ RNA. Figure 2B summarizes the results of two independent experiments where 17 unique amplicons covering both the whole luc2 coding region and a part of the EGFP gene were used to map a distribution of possible cryptic transcription initiation sites. This precise analysis confirmed a difference of 2.47 and 3.25 cycles, respectively, reflecting a six-to-nine-fold increase of luc2-related transcripts. This result clearly demonstrates a strong decrease in cryptic transcriptional activity in the luc2 gene in comparison to our previous qRT-PCR analyses of the luc+ transcript, which detected more than a 30-fold gradual increase in the abundance of transcripts between the 5´ and 3´ ends of the luciferase coding region [3] . The gradually increasing amount of 5´ to 3´ transcripts remains visible in luc2, which does not agree with the manufacturer's declaration that most of the predicted transcription factor binding sites were removed and that the number of functional promoter modules was reduced to one in the luc2 gene [4] . Our results suggest that occasional transcription initiation events still occur in several places on the luc2 gene. An overall difference of Ct values between the biological replicates reflects different amounts of cells used for RNA isolation and different transfection efficiency in each experiment.
The partial elimination of cryptic transcription in the luc2 coding region is schematically depicted in Figure 3 , where a trend of cryptic transcriptional activity in both luciferase genes is plotted. We used data from two qRT-PCR experiments presented in Figure 2B in addition to data obtained in our previous study [3] . The slopes of the curves, representing a linear fit of Ct values across the luciferase genes, show that luc2 performs much better than luc+ in terms of cryptic promoter activity, and confirm the reliability and reproducibility of our qRT-PCR approach.
We also analyzed the presence of short open reading frames (sORFs) in the luc2 gene and revealed an additional sORF, which was created by Promega during the optimization of codon usage (denoted as sORFb in Supplementary Figure 1) . To exclude the possibility that EGFP translation is inhibited by the sORFb, we eliminated it by site-directed mutagenesis. The initiator ATG codon at position 1502 was changed to the original ACG sequence. We observed only a weak increase of EGFP production in our flow cytometry measurements, suggesting that the sORFb would not act as a substantial translational barrier in any bicistronic reporter vector (Supplementary Figure 2 and Supplementary Table 1 ).
Discussion
The above presented data let us conclude that the luc2 gene displays only minimal cryptic transcription. The observed six-to-nine-fold increase in transcription along the luc2 coding region agrees well with the current view of regulation of eukaryotic transcription, where it is thought that most of the genome is transcribed and many unconventional transcription starts occur, even in protein-coding sequences [22, 23] . Thus, it is not surprising that mild cryptic transcriptional activity can be detected in every reasonably long gene, of which firefly luciferase is a representative example.
Until recently, the firefly luciferase gene was used almost exclusively as the downstream cistron of bicistronic vectors in studies aiming to characterize a particular IRES. Our data stored in the IRESite database [24] , which covers a substantial part of all published bicistronic assay experiments, demonstrate that there are only exceptional cases when the luc+ gene was used as the first cistron, and this occurred mainly in studies that tried to determine an influence of cistron configuration on the result of a bicistronic assay [18] . This phenomenon might reflect a common experience of many researchers -the luc+ gene is not suitable to be used as the first cistron. It has also been mentioned that it is difficult to probe firefly luciferase expression by Northern blot because of the frequent appearance of multiple bands and smears [25] .
By contrast, we propose that there are no obvious reasons not to place the improved luc2 as the first cistron in bicistronic vectors. We also did not detect any indicia of cryptic splicing in the luc2 gene because all of the combinations of primers that were used gave RT-PCR products of the expected length. However, our flow cytometry and qRT-PCR analyses clearly demonstrate that weak but still detectable cryptic transcriptional activity exists in the luc2 gene, which may cause unexpected difficulties when reporter expression data are compared with RNA levels. Weak cryptic transcription should still be considered by scientists every time weak IRESs are studied and sensitive reporters are used. We also suggest that usage of luc2 would be advantageous in other fields of RNA-oriented research (studies of si/miRNA, polyadenylation, NMD).
Supplementary data
Supplementary Figure 1.
Comparison of the AUG and stop codon occurrence in all three reading frames of the luc+ and luc2 genes. The luc2 sequence exhibits 75% identity to luc+ at the nucleotide level. We counted that 64% of luciferase codons were altered. Major changes occurred in the middle of the coding sequence, where up to 80% of codons were replaced, whereas both ends of the coding region were less modified. The number of additional initiation and termination codons was greatly reduced in the luc2 variant compared with the previous luc+ version as can be seen on the diagram. residing at the end of the luc2 gene, on the yield of the downstream reporter. The potential for reduced translation of the EGFP reporter by the newly introduced sORFb was tested by changing the ATG codon to the original luc+ ACG triplet. An additional reason for this experiment was the occurrence of a predicted SP1 transcription factor binding site at position 1441 in the luc2 sequence, just upstream of sORFb, which remained unaffected by codon optimization (probability 0.55, Compel, http://compel.bionet.nsc.ru/). We presumed that sORFb may lower translation of the EGFP reporter due to aberrant transcripts originating from this putative cryptic promoter. We transiently transfected epithelial CCL13 cells with the pRG vectors bearing one of the three variants of the firefly luciferase gene (the bicistronic vector carrying a mutated allele of the luc2 gene was labeled as pRGmLuc2). The flow cytometry analyses were performed 72 hours posttransfection, as was performed in the previous experiments. We did not observe any significant changes between pRGLuc2 and pRGmLuc2, leading us to measure the possible effect using promoter-less variants.
